We report on the observation of a large anisotropy in the rethermalization dynamics of an ultracold dipolar Fermi gas driven out of equilibrium. Our system consists of an ultracold sample of strongly magnetic 167 Er fermions, spin-polarized in the lowest Zeeman sublevel. In this system, elastic collisions arise purely from universal dipolar scattering. Based on cross-dimensional rethermalization experiments, we observe a strong anisotropy of the scattering, which manifests itself in a large angular dependence of the thermal relaxation dynamics. Our result is in good agreement with recent theoretical predictions. Furthermore, we measure the rethermalization rate as a function of temperature for different angles and find that the suppression of collisions by Pauli blocking is not influenced by the dipole orientation.
One of the major strengths of ultracold matter is its susceptibility to being controlled by various means. Striking examples include traversing the BEC-BES crossover [6, 7] , welding atoms together into molecules [8, 9] , and inducing bosons to behave like fermions in one spatial dimension [10, 11] . Most often, such control exploits the quantum mechanical nature of a many-body gas at ultralow temperature, and arises from the manipulation of isotropic scattering between constituent particles. However, in the case of dipolar particles the scattering is intrinsically anisotropic, affording novel opportunities to control the behavior of the gas. For example, the anisotropic d-wave collapse of a Bose-Einstein condensate of magnetic atoms [12, 13] and the deformation of the Fermi sphere in a dipolar Fermi gas [14] have been observed. These phenomena rely on the collective behavior of all the particles, occurring according to their mean field energy.
Distinct from such many-body effects, dipoles can also influence the properties of the gas via two-body scattering. Since scattering of dipoles is highly anisotropic, properties that require the collisional exchange of energy and momentum between the atoms, such as sound propagation, viscosity, and virial coefficients [15] , will be influenced by the presence of dipoles. In particular, differential cross sections of dipolar particles are highly anisotropic, depending on both the initial, as well as scattered, relative directions of the colliding particles, and it has recently been predicted that dipolar anisotropy can exert a profound influence on the non-equilibrium dynamics in such a gas [16] .
In this letter, we demonstrate the control of the thermal relaxation dynamics of a dipolar Fermi gas driven out of equilibrium by adding excess momentum along one axis. The control is achieved by changing the orientation of the dipoles relative to this direction, enabling us to substantially vary the rethermaliztion rate. As a striking consequence of the interaction anisotropy, we find that the rate of equilibration can vary by as much as a factor of four, depending on the angle between the dipole orientation and the excitation axis. Furthermore, we observe that the rethermalization rate decreases as the temperature is lowered. This effect is due to the lack of available final states into which atoms can scatter and is known as Pauli blocking. Our results provide evidence that the Pauli suppression of collisions does not contribute additional anisotropic effects to the rethermalization.
To realize a dipolar Fermi gas, we use an ultracold spinpolarized sample of strongly magnetic erbium (Er) atoms, which possess a magnetic dipole moment of 7 Bohr magneton. This is an ideal system to study purely dipolar scattering since short-range van der Waals forces give a negligible contribution to the scattering of identical fermions at ultralow temperatures [17] . Our experimental procedure to create a degenerate Fermi gas of 167 Er atoms follows the one described in Ref. [18, 19] . In brief, it comprises laser cooling in a narrow-line magneto-optical trap (MOT) [21] and direct evaporative cooling of a spin-polarized sample in an optical dipole trap (ODT) [18] . Evaporative cooling, which was successfully used to reach Bose-Einstein condensation [22, 23] , relies on efficient thermalization. In our case, this is achieved by elastic dipolar collisions between spin-polarized fermions.
We optimize the evaporative cooling sequence and produce a degenerate Fermi gas of about 3.0 × 10 4 atoms at a temper- ature as low as T /T F = 0.11 (1) . This gives a peak density of about 3 × 10 14 cm −3 ; see Fig. 1 . Here, T F = 1.06(5) µK. To achieve such a deeply degenerate regime, we confine the atoms more tightly than in our previous work [18] by decreasing the beam waist of the vertical 1570 nm beam from 33 to 21 µm. The trap frequencies in this configuration are (ν x , ν y , ν z ) = (509, 447, 262) Hz. Our minimum temperature is comparable to the lowest ones achieved with sympathetic cooling schemes based on s-wave scattering [24] [25] [26] . While the crucial role of the long-range character of the dipole-dipole interaction (DDI) clearly emerges in the evaporation of spin-polarized fermions, the role of the anisotropy of the interaction is more subtle. We investigate this aspect by studying for various dipole orientations how the system rethermalizes when it is excited out of its equilibrium state. The dipole orientation is controlled by changing the direction of the polarizing magnetic field and is represented by the angle β between the magnetic field and the weak axis of the ODT; see inset Fig. 2 .
The cross-dimensional rethermalization experiments proceed as follows. We first prepare a nearly degenerate Fermi gas of about 8 × 10 4 atoms at T /T F 0.6 with T F 600 nK in a cigar-shaped ODT with frequencies of (393, 23, 418) Hz. We then change the dipole orientation from β = 90 • , which is used for evaporative cooling, to the desired value and excite the system by increasing the power of the vertical beam by about a factor of 2.8 within 14 ms. After the excitation, the trap frequencies are (393, 38, 418) Hz. The excitation brings the system out of equilibrium by transferring energy mainly in the direction of the weak axis (y), which we refer to as the excitation axis. This process is nearly adiabatic with respect to the trap period for the radial motion and introduces an initial temperature imbalance of about T y /T z = 2. We follow the re-equilibration dynamics by recording the time evolution of the temperature along the z direction, T z , and we extract the rethermalization rate for the given dipole orientation. Figure 2 shows typical temperature evolutions, measured for three different values of β . We observe that the reequilibration dynamics strongly depends on β with T z approaching the new equilibrium value in a near-exponential way. From an exponential fit to the data, we extract the relaxation time constant τ. The slower rethermalization (i. e. largest τ) is found to occur for dipoles oriented perpendicular to the excitation axis, whereas by changing β by about 45 • we observe that the system re-equilibrates about four times faster. This strong angle dependence clearly shows the anisotropic nature of the relaxation dynamics.
Since rethermalization relies on elastic collisions, its rate 1/τ should be directly proportional to the total elastic cross section σ el [16] . The standard way to evaluate the latter is by integrating the differential cross sections dσ el /dΩ(k , k) over all final directions of the atoms' relative momentum k , and averaging over incident directions k. For dipolar fermions, the integration yields an energy-independent σ el , which is universally related to the fermions' dipole moment d by σ el = (32π/15)D 2 , where D = 2π 2 d 2 m/h 2 , with m the mass and h the Planck constant, is the characteristic length scale of the dipolar interaction [27] . A collision rate can then be defined asnσ el v, wheren is the mean number density and v = 16k B T /(πm) is the mean relative velocity with T the effective temperature including a momentum spread by the Fermi energy [28] .
The actual re-equilibration occurs at a rate different from this collision rate since rethermalization emphasizes those collisions that significantly change the relative direction of the atoms' momenta. The characteristic time for the relaxation is inversely proportional to the collision rate
The dimensionless proportionality constant α is commonly referred to as the number of collisions for thermalization and can be computed from the known differential cross sections. For short-range interactions, Monte-Carlo calculations yield α = 2.7 and α = 4.1 for s-and p-wave collisions, respectively [29, 30] . As predicted in Ref. [16] , in the case of the DDI, which is long-range and anisotropic, α is a function of the angle β . In Eq.
(1), we also include a Pauli suppression factor, η, which accounts for the reduction of the rethermalization rate in a degenerate Fermi gas caused by Pauli blocking where η = 1 for nondegenerate gases; see later discussion.
To explore the angle dependence of α, we perform crossdimensional rethermalization experiments under the same conditions as in Fig. 2 for various values of β in a range between 30 • and 160 • . We extract α by using Eq. (1), the experimentally measured τ, and the elastic dipolar cross-section σ el = 1.8 × 10 −12 cm 2 calculated for Er [27] . At T /T F 0.75, which is our experimental conditions after excitation, η = 0.93; see later discussion. Figure 3 shows our experimental result together with the theoretical value of α, which we calculate using Enskog's equation similarly to Ref. [16] . We observe a remarkably good quantitative agreement between the experiment and the theory, which does not have any free parameter. The theoretical curve is calculated assuming a velocity distribution that is Maxwell-Boltzmann in form that allows the width of the distribution to be characterized by different "temperatures" T x , T y , and T z in the three directions of the trap. We then use the collision integral in Enskog's formulation to calculate the relaxation rate for T z for the following initial conditions: T z = T x , and T y = 2T z . From this we determine the theoretical value of α along the z direction; see section, we find that α is, in general, different in the three directions i = x, y, z.
Both the experimental and theoretical results show a strong angular dependence of α, which largely varies in a sine-like manner from about 1 to 4. This behavior is unique to dipolar scattering and occurs because dipolar particles have a spatial orientation dictated by the magnetic field and the collision processes depend on this orientation [16] . Given this angular dependence, dipoles can re-equilibrate on a timescale that can be even faster than the one achievable with short-range s-wave collisions (α = 2.7). In particular, the rethermalization is the most efficient (smallest α) when β = 45 • . This can be seen qualitatively from the form of the cross sections in Ref. [16] . Consider a simplified scattering event, where the magnetic field B, the relative incident wave vector k, and the relative scattered wave vector k all lie in the same plane. Moreover, suppose that k makes an angle θ with respect to B, while k makes an angle θ , defining a scattering angle θ s = θ − θ . In this reduced case, the differential cross section for scattering of dipolar fermions has the simple angular dependence dσ el /dΩ ∝ cos 2 (2θ − θ s ), thus the most likely scattering occurs when θ s = 2θ . For the most efficient rethermalization one requires scattering at right angles, θ s = 90 • , and therefore collisions in which the atoms approach one another at θ = 45 • . At the same time, from the experimental geometry one requires a high collision rate between the radial and axial trap directions. From these considerations, the most efficient rethermalization should occur for a field tilted at an angle β = 45 • from the trap's axis.
Another central aspect in the scattering of ultracold fermions in the degenerate regime is related to Pauli blocking of collisions. This effect is caused by the lack of unoccupied final states in a scattering event and leads to a reduction of the elastic collision rate, which has been observed in fermionic systems with short-range interaction [30, 31] . In the case of dipolar scattering, it is an interesting question whether or not the Pauli blocking effect exhibits anisotropy.
To address this question experimentally, we explore the temperature dependences of τ for two different angles, β = 90 • and 110 • , for which α differs by a factor of two; see Fig. 3 . For each temperature, we measure τ, n, v and we derive η/α using Eq. (1). To extract the Pauli suppression factor η, we normalize η/α to its value in the non-degenerate regime where η = 1. As shown in Fig. 4 , for both angles we observe the same pronounced reduction of η with decreasing temperature. Specifically, η decreases by about 70% from 1 to 0.2 T /T F . Our results indicate that the reduction of the rethermalization rate is independent from the dipole orientation.
In order to quantitatively confirm that the observed reduction of η is caused by Pauli blocking of collisions, we use a theoretical model following the one developed for non-dipolar fermions in Ref. [32, 33] . Our model is based on a variational approach for solving the Boltzmann equation to calculate the thermal relaxation rate including the Pauli blocking effect. This gives [34] 
where the trap and momentum average is defined as . . .
is the equilibrium Fermi function with V (r) the trapping potential. We have defined
the collision integral describing the rethermalization due to the collision of two particles with incoming momenta k and k 2 and outgoing momenta k 3 and k 4 . Here, ∆Φ = Φ 1 + Φ 2 − Φ 3 − Φ 4 , and Ω is the solid angle of the outgoing relative momentum (k 4 − k 3 )/2. We use Φ T = k 2 y − k 2 /3 as a variational expression for the deviation function corresponding to a thermal anisotropy in the y-direction. This is also the approach used to calculate α as a function of β for a Maxwell-Boltzmann distribution in Ref. [16] and used to calculated the shear viscosity in a gas interacting with s-wave interactions [32, 33] .
By calculating the thermal relaxation rate using Eq. (2) with either a pure s-wave or a pure p-wave interaction, we find that the relative suppression of the rate compared to the classical value is essentially the same in the two partial wave channels for a given temperature. This indicates that the Pauli blocking effect is largely insensitive to the angular dependence of the cross section of the atoms. Hence, we can safely use the pwave cross section as a stand-in for the true dipolar scattering in this calculation. In the high-temperature limit T T F , the integrals in Eqs. (2)- (3) can be solved analytically and we get Eq. (1) with α = 25/6 for p-wave scattering and α = 5/2 for s-wave scattering. These variational values agree well with the Monte-Carlo results stated above.
In Fig. 4 , we plot the theoretically predicted temperature dependence of η using Eqs. (2) and (3) and assuming a pwave cross section, together with the experimental values. As explained above, the calculation yields essentially the same result when we assume s-wave scattering. By fitting the theoretical curve to the observed rethermalization rates with a single free scaling parameter for each angle, we determine the values of σ el /α to be 0.51(1)(12) × 10 −12 cm 2 at β = 90 • and 1.00(2)(24) × 10 −12 cm 2 at β = 110 • , where the errors are statistical errors of fitting and systematic uncertainties on temperature, trap frequencies, and atom number, respectively. The theory and experiment results are in good agreement. Our findings show that the reduction of the rethermalization rate is indeed due to Pauli blocking and that it is not significantly influenced by the polarization angle.
In conclusion, we have studied the rethermalization dynamics of indistinguishable dipolar fermions after the system is excited out of thermal equilibrium. We have observed that the rate of equilibration can strongly vary depending on the polarization direction of the atoms' magnetic dipole moments, which demonstrates a remarkable influence of anisotropic scattering. Further, we note that the anisotropy has no significant influence on the Pauli blocking effect. Our results are fundamentally important for understanding the collisional behavior of dipolar particles, such as strongly magnetic atoms and polar molecules. After the MOT stage, in which the sample is simultaneously cooled and spin-polarized into the lowest hyperfine sublevel, we typically transfer 1.5 × 10 6 atoms at a temperature of T = 28 µK into a crossed ODT. The latter consists of a horizontal beam, which propagates along the y direction, and a vertical beam, propagating along the z direction (direction of gravity). The horizontal beam has a beam waist of 15 µm and a wavelength of 1570 nm. For the vertical beam, we use light that operates either at 1570 nm or at 1064 nm and various values of the beam waist, depending on the final temperatures and densities required for the specific experiments.
Magnetic field control
We apply a magnetic bias field of 0.58 G, oriented along the z direction. We select this value of the magnetic field to avoid loss features associated to the recently observed FanoFeshbach resonances [20] . At 0.58 G, the Zeeman energy splitting between magnetic sublevels is 0.6 MHz × h. This value is much larger than the typical Fermi energy (about 20 kHz ×h) and the typical energy of the DDI (about 100 Hz × h).
The angle β and the amplitude of the magnetic field are controlled by three independent sets of coils along the x, y, and z directions. Each coil set is independently calibrated by using radio-frequency spectroscopy to within 5 mG, from which we estimate the error on angle to be within 1 degree.
